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way	 in	 female‐specific	 subpopulation	of	myelinated	Ah‐type	BRNs	 in	 nodose	 and	
baroreceptive	neurons	in	NTS,	which	provided	a	novel	insight	into	the	dominant	role	




ity	and	provide	a	new	pathway	 for	pharmacological	 intervention	 for	hypertension	
and cardiovascular diseases.
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1  | INTRODUC TION
It	has	been	widely	accepted	that	the	parasympathetic	nerve	activ‐




at	 both	 afferent	 and	efferent	 pathways,5	 the	underlying	mecha‐
nism	 at	 cellular	 and	 physiological	 level	 is	 still	 largely	 unknown	
due	 to	 the	difficulties	 in	handling	 these	 tissues	 for	proper	phys‐
iological	 measurements.	 Over	 the	 years,	 we	 have	 developed	 a	
highly	reliable	approaches	for	electrophysiological	recording	using	
vagus‐nodose	 slice,	which	 allows	 us	 demonstrating	 a	 critical	 fe‐






and	 neuroprotective	 action	 of	 estrogen.25 Our previous observa‐
tion	has	shown	that,	 in	adult	 female	rats,	 there	 is	a	female‐specific	
subpopulation	of	myelinated	Ah‐type	baroreceptor	neurons	 (BRNs)	




firing	 threshold	and	high	excitability	 strongly	 suggest	 that	Ah‐type	
BRNs	 could	be	 activated	 at	 a	 relatively	 lower	blood	pressure2 due 
presumably	to	higher	levels	of	expression	of	KCa1.1,9,16	voltage‐de‐
pendent	 Na+13,28	 and	 HCN114,29	 channels,	 which	 would	 make	 this	
neuron	 type	 a	 key	 player	 in	 parasympathetic	 activation.	 However,	
assumptive	 spontaneous	 discharge	 activities	 generated	 from	 this	
neuron	group	have	never	been	reported	so	far,	which	is	a	non‐negligi‐
ble	factor	in	maintaining	constant	parasympathetic	outflow	through	







the	 spontaneous	 activities	 in	 the	 second‐order	 BRNs	 and	 second‐
order	 baroreceptive	 neurons,	 respectively,	 and	 provide	 our	 first‐








and	the	National	Institutes	of	Health	publication	“Guide for the Care 
and Use of Laboratory Animals”	 (https://www.nap.edu/readingroom/
books/labrats/).	 Age‐matched	 Adult	 male,	 ovaries	 intact	 (OVI)	 fe‐
male	 and	 ovariectomized	 (OVX)	 female	 Sprague‐Dawley	 (SD)	 rats	
(12‐14	weeks	weighing	 220‐250	g)	were	 used	 in	 this	 study	 for	 no‐
dose	or	brainstem	slices	preparations,	as	well	as	a	 long‐term	blood	







Capsaicin	 (Cap,	 a	 TRPV1	 agonist)	 was	 purchased	 from	 Sigma	 (St	
Louis,	MO,	USA);	cyclothiazide	(CTZ,	a	modulator	of	AMPA	recep‐
tor	 for	 removing	 rapid	 desensitization	 at	 postsynaptic	 terminals),	









Adult	 female	 Sprague‐Dawley	 rats	were	 used	 for	 the	 preparation	
of	nodose	ganglion	slices	to	study	myelinated	A‐	and	Ah‐type	neu‐
rons	as	well	as	unmyelinated	C‐type	nodose	neurons.7	The	bilateral	
dissection	 of	 the	 vagal	 ganglia	 each	 with	~	2.0	cm	 of	 their	 vagus	
nerve	attached,	ganglia	slicing,	and	enzymatic	digestion	have	been	




bated	 at	 37°C	 for	 45	min	 followed	by	 fresh	 support	medium	with	
5.0	mg/mL	 trypsin	 (Worthington	 Biochemical)	 at	 37°C	 for	 an	 ad‐
ditional	25	minutes.	The	enzyme	solution	was	 then	 repeatedly	 re‐
placed	with	chilled	(~4°C)	recording	solution	prior	to	transferring	to	
the	recording	chamber.
2.4 | Horizontal brainstem slice preparation
Horizontal	brainstem	slices	of	the	NTS	region	using	adult	male	and	
age‐matched	 female	 Sprague‐Dawley	 rats	 were	 obtained	 follow‐
ing	 procedures	 described	 in	 details	 previously.3,16,31	 Briefly,	 slices	
were	 obtained	 from	 adult	 female	 and	 ovariectomized	 (OVX)	 fe‐
male	rats.	Synaptic	currents	were	evoked	through	stimulation	from	
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a	 concentric	 bipolar	 electrode	 (FHC,	Bowdoin,	ME)	 placed	 on	 the	
solitary	 tract,	 approximately	1‐3	mm	from	 the	medial	NTS	 record‐
ing	 site.	 Synaptic	 characterization	of	NTS	neurons	was	performed	
using	five	stimuli	bursts	of	200‐μs	duration	delivered	at	50	Hz,	with	
a	three	second	interval	between	each	sweep.	Stimulus	intensity	was	
gradually	 increased	 until	 excitatory	 postsynaptic	 currents	 (EPSCs)	
were	repeatedly	evoked.
Additionally,	50	nmol/L	NBQX	was	applied	to	 identify	that	this	











Baroreceptor	neurons	 in	 intact	vagus‐nodose	slice	and	 the	 loca‐
tion	 of	 NTS	 in	 the	 horizontal	 brainstem	 slices	 were	 determined	
as previously described.10,11	Spontaneous	and	evoked	discharges	
of	 AP	 were	 recorded	 using	 intact	 vagus‐nodose	 slices.6,15 The 
spontaneous	 synaptic	 currents	 were	 recorded	 using	 horizontal	
brainstem	 slice.14,20	 All	 electrophysiological	 experiments	 were	
conducted	 using	 a	 standard	 whole‐cell	 patch‐clamp	 technique.7 
Spontaneous	synaptic	current	were	also	recorded	on	the	second‐







To	mimic	 the	physiological	Ca2+	 in	 rat	CSF	and	 to	prevent	 sat‐










According	 to	 measured	 conduction	 velocity	 (CV)	 at	 cell‐at‐
tached	 configuration	 using	 vagus‐nodose	 slice,7,15	 those	
neurons	 showing	 fast	 CV	>	10	m/s	without	 the	 repolarization	
hump	 were	 classified	 as	 myelinated	 A‐types,	 those	 showing	
faster	 CV	>	4	m/s	 with	 repolarization	 hump	 were	 classified	
as	 myelinated	 Ah‐types,	 while,	 those	 neurons	 showing	 slow	
CV	<	1/s	with	significant	repolarization	hump	at	room	tempera‐
ture	were	classified	as	unmyelinated	C‐types.7 The baroreflex 
modality	 of	 the	 first‐order	 neurons	were	 also	 verified	 by	 the	
fluorescence	at	cell	body11	with	Dil	transported	along	with	the	
afferent	fibers.
Only	 synapses	 that	meet	 the	 following	 criteria	were	 consid‐
ered	as	the	second‐order	NTS	neurons	and	used	for	further	study:	
jitter	 (SD	 of	 latency)	 ≤200	μs	 and	 the	 amplitude	 plateau	 of	 ex‐
citatory	postsynaptic	currents	(EPSCs)	with	increases	in	stimulus	
intensity.33,35	After	a	 synapse	 is	 identified	as	 the	2nd	order,	 the	
stimulus	 intensity	 is	 fixed	at	a	 level	1.5‐2.5X	threshold	through‐
out	 the	 experiment.	 The	 second‐order	 baroreceptive	 neurons	
were	 identified	 via	 surrounding	 fluorescence	 that	 is	 boutons	
formed	by	 the	 synapse	 raised	 from	 the	 first‐order	 baroreceptor	
neurons.3,9,16,31
2.9 | Arterial Baroreflex sensitivity
The	arterial	was	 cannulated	 to	 connect	 the	physiological	pressure	






kg)	 respectively.36	 The	 averaged	 ratio	 of	 HR	 and	 MABP	 (ΔHR/








using	 chlorhexidine	 scrub	 and	 disinfected	 with	 70%	 ethanol	
and	povidone	iodine	(7.5%).	A	2.0‐cm	incision	was	made	on	the	
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2.11 | Data analyses
Clampfit	 (Molecular	 Devices;	 Sunnyvale,	 CA,	 USA)	 was	 used	 for	
initial	 data	 readings	 and	 excel	 for	 statistical	 analysis	 (Microsoft,	








rons	 or	 nodose	 slice	 preparations	 have	 showed	 that	 myelinated	
A‐	and	unmyelinated	C‐type	baroreceptor	neurons	(BRNs)	were	ob‐






3.1 | Evoked action potential (AP) in baroreceptor 
neurons (BRNs) of nodose
On	 vagus‐nodose	 slices,7	 electrophysiological	 analyses	 were	 per‐
formed	 on	 evoked	 AP	 to	 establish	 a	 proper	 condition	 for	 later	
recordings	 of	 spontaneous	 activities.	 A	 giga‐	 seal/cell‐attached	
condition	was	reached	in	BRNs10	with	voltage‐clamp	protocol.	The	
conduction	 velocities	 (CVs)	 at	 room	 temperature	 (22‐23°C)	 were	




C‐type	 (averaged	 at	 0.72	±	0.21	m/s	 ranging	 from	 0.3	~	0.8	m/s,	
n	=	77)	 BRNs	 (Figure	 1B‐D),	 respectively,	 with	 a	 superthreshold	
stimulus	 intensity	under	cell‐attached	configuration.6,8	Apparently,	
the	 repolarization	humps	 as	 the	waveform	 signature	 (indicated	by	
arrowheads	in	Figure	1C,D)	were	clearly	observed	in	both	identified	




fiber	 types	 in	 real‐time	 right	 before	 current‐	 or	 voltage‐clamp	 re‐
cordings	with	proper	intracellular	and	extracellular	solutions.
3.2 | Spontaneous events of BRNs at cell‐attached 





with	 aortic	 depressive	 nerve	 (ADN)	 labeling	 technique	 (n	=	20	 slice	
preparations),11,32,35	interestingly,	we	were	able	to	capture	the	sponta‐
neous	events	generated	from	BRNs	at	cell‐attached	and	voltage‐clamp	
condition,	 rather	 than	 nonlabeled/general	 population	 of	 neurons	 of	
nodose.	Considering	 the	waveform	 signature	 (Figure	 2,	 indicated	 by	
arrowheads)	and	CV,	these	spontaneous	events	were	originated	from	
myelinated	 A‐	 (Figure	 2A,	 n	=	13)	 and	 Ah‐type	 BRNs	 (Figure	 2B,C,	
n	=	17),	but	none	of	them	were	from	unmyelinated	C‐types	(data	not	
shown).	The	percentages	of	myelinated	A‐	(12.14%),	Ah‐	(15.88%),	and	





















3.3 | Spontaneous events of BRNs at cell‐attached 
condition under current‐clamp mode
We	were	also	able	to	observe	the	spontaneous	events	at	cell‐attached	
condition	 when	 switching	 recording	 from	 voltage‐clamp	 to	 current‐
clamp	mode.	These	spontaneous	events	with	higher	frequency	were	
confirmed	in	A‐type	(Figure	2E)	BRNs	(20	±	9	Hz)	compared	with	the	
lower	 frequency	 in	 Ah‐types	 (Figure	 2G)	 BRNs	 (12	±	6	Hz,	 P	<	0.01	




lus	 intensity	 below	 threshold	 (Figure	 2F,H,	 insets	 indicated	 by	 black	
triangle),	suggesting	that	these	spontaneous	events	were	not	associ‐
ated	with	the	vagal	stimulation,	as	they	appeared	either	right	before	
or	 far	 behind	 the	 stimulation.	 Even	 so,	 these	 spontaneous	 events	




3.4 | Spontaneous discharges of BRNs at whole‐cell 
configuration
Although	we	were	 able	 to	 see	 the	 spontaneous	 activities	 under	
cell‐attached	mode	 (without	 rupturing	 cell	membrane),	we	were	
curious	of	the	status	under	the	whole‐cell	current‐clamp	condition	
(with	 rupturing	 cell	 membrane).	 As	 expected,	 the	 spontaneous	
discharges	generated	from	the	resting	membrane	potential	were	
clearly	 seen	 in	 both	A‐	 (Figure	 3A,C)	 and	Ah‐type	 (Figure	 3B,D)	
BRNs,	but	not	in	C‐types	and	Ah‐types	of	OVX	(data	not	shown).	
The	spontaneous	discharges	observed	from	both	A‐	and	Ah‐types	
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were	 irregular,	 likely	 suggesting	 the	 instantaneous	 change	 in	BP	
fluctuation	 in	 vivo.	The	averaged	 frequency	was	overlapped	be‐
tween	A‐	and	Ah‐types	with	slightly	higher	in	A‐types	(9.21	±	4.77	
ranging	 from	 3	 to	 16	 spike/min)	 compared	 with	 Ah‐types	
(7.47	±	4.18	 ranging	 from	2	 to	 10	 spike/min,	P	>	0.05	 vs	A‐type)	
at	similar	resting	membrane	potential.	This	result	implies	that	my‐
elinated	BRNs	are	more	critical	to	initiate	parasympathetic	drives	
through	baroreflex.	More	 importantly,	due	 to	 its	 female‐specific	
distribution,6,12	the	Ah‐type	BRNs	are	likely	the	key	players	in	re‐
taining	relatively	potent	parasympathetic	drives	in	females.10
3.5 | Spontaneous synaptic currents of 















3.6 | The dynamics of excitatory postsynaptic 
currents and inhibitory postsynaptic currents in 
baroreceptive neurons of NTS
The	 spontaneous	 synaptic	 currents	 contain	 excitatory	 (EPSCs)	






dynamic	 properties	 of	 all	 tested	myelinated	 A‐	 (Figure	 5A),	 Ah‐	
(Figure	 51‐3)	 and	 unmyelinated	C‐type	 (Figure	 5B)	 baroreceptive	
neurons	of	NTS	 (Table	1),	which	 include	the	dynamic	changes	 in	
rise	and	decay	time.	Apparently,	even	though	the	rise	and	decay	
time	differed	between	EPSCs	and	IPSCs	in	each	categorized	neu‐
ron,	 the	 significant	difference	of	 these	 two	parameters	was	not	
reached	 among	 all	 3	 categories.	 However,	 the	 afferent‐specific	
difference	of	mean	 amplitude	of	EPSCs	 in	Ah‐	 and	C‐types,	 but	
not	 in	 A‐type	 baroreceptive	 neurons,	 was	 significantly	 higher	
(more	 than	doubled)	 than	 that	of	 IPSCs,	 suggesting	 that	 the	ex‐
citatory	neurotransmitter‐glutamate	released	from	its	terminals	is	




significantly	 changed	 to	 the	 levels	 of	 unmyelinated	 C‐type	 like	
(data	not	shown).
3.7 | Afferent‐specific high frequency of  
spontaneous EPSCs in myelinated Ah‐type 
baroreceptive neurons of NTS











and	 20.3	±	7.24	 for	 EPSCs	 and	 IPSCs	 (P	<	0.01,	 n	=	6	 recordings),	
F I G U R E  3  Spontaneous	discharges	of	myelinated	A‐	(A	and	C)	and	Ah‐type	(B	and	D)	baroreceptor	neurons	(BRNs)	nodose	slice	
preparation	of	adult	female	rats	from	resting	membrane	potential	(RMP)	under	the	whole‐cell	current‐clamp	configuration










3.8 | Dominant parasympathetic activity evaluated 
by blood pressure and baroreceptor sensitivity
Taken	 all	 electrophysiological	 data	 from	 this	 observation	 together,	
spontaneous	discharge	 in	 female‐specific	 distribution	of	myelinated	
Ah‐type	 BRNs	 and	 baroreceptive	 neurons	 could	 initiate	 a	 strong	
































The	 derangement	 of	 sympathetic	 and	 parasympathetic	 cardio‐
vascular	 regulation	 is	one	of	 the	most	widely	accepted	and	tested	
hypotheses	 for	 cardiovascular	 diseases.	An	 increased	 sympathetic	
nerve	 activity	 and	 a	 reduction	 in	 vagal	 cardiac	 tone	 are	 associ‐
ated	 with	 and	 largely	 responsible	 for	 the	 appearance	 of	 the	 dis‐
ease	state	high	blood	pressure.40‒42	The	sympathetic	hyperactivity	
is	 likely	 to	be	 accompanied	by	 an	 impaired	vagal	 influence	on	 the	
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Rise time/ms Decay time/ms Mean amplitude/pA
EPSCs IPSCs EPSCs IPSCs EPSCs IPSCs
A‐type 1.24	±	0.4 2.5	±	0.7* 6.2	±	4.2 36	±	17** 57	±	17 54	±	15
Ah‐type 1.27	±	0.6 2.8	±	0.5* 5.8	±	3.9 39	±	18** 54	±	12§ 22	±	16**,##,§

























shown in T1 also applied for T2‐5
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hypertensive	individuals	and	those	in	the	early	stages	of	hyperten‐









subpopulation	 of	 Ah‐type	 baroreceptor	 neurons	 as	 well	 A‐types;	
secondly,	 a	 similar	 pattern	 of	 spontaneous	 synaptic	 currents	 has	
also	 been	 discovered	 in	 the	 female‐specific	 subpopulation	 of	
Ah‐types	baroreceptive	neurons	of	NTS;	 finally	and	 the	most	 im‐
portantly,	 a	 significantly	 higher	 frequency	 of	 EPSC	 events	 when	












4.2 | Crucial role of female‐specific 
distribution of myelinated Ah‐type baroreceptor 
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systolic	blood	pressure	but	more	variability	of	heart	rate,	a	specific	
indication	 of	 a	 more	 dominant	 parasympathetic	 activity.19‒21,23,24 
These	 findings	 in	 human	 are	 in	 line	 with	 previous	 studies	 in	 ro‐
dents	showing	lower	systolic	blood	pressure	due	mainly	to	a	more	




























anism	 of	 this	 critical	 parasympathetic	 drive	 in	 healthy	 subjects,	
but	also	confirmed	the	important	role	of	the	female‐specific	my‐
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